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Abstract 
 
We report the first experimental demonstration of an electrostatic electron orbital angular momentum 
(OAM) sorter, which can be used to analyze the OAM states of electrons in a transmission electron 
microscope. We verify the sorter functionality for several electron beams possessing different 
superpositions of OAM states, and use it to record the electron beams OAM spectra. Our current 
electrostatic OAM sorter has an OAM resolution of 2 in the units of ℏ - the reduced Planck constant. It is 
expected to increase the OAM resolution of the sorter to the optimal resolution of 1 in the future via 
fine control of the sorting phase elements. 
 
Introduction 
 
A modern transmission electron microscope can be used to characterize materials with sub-Å spatial 
resolution [1], to provide three-dimensional microstructural and compositional information [2] and to 
achieve an energy resolution of a few meV [3]. The introduction of spherical aberration correction [4-8] 
is a masterpiece of engineering, which requires the precise matching of the magnetic fields of hexapole 
(or quadrupole-octupole) lenses in both intensity and position. 
 
Here, we realize an electrostatic “sorter” for electrons and demonstrate that it can be used to analyze 
components of the orbital angular momentum (OAM) of an electron beam [9-11]. Our OAM sorter also 
requires the perfect alignment and phase matching of several electron-optical components. In previous 
work, we reported the realization of such a device based on holographic phase elements that were 
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fabricated from SiN [11]. In contrast, in the present study we demonstrate a completely electrostatic-
field-based device, which can be retrofitted to existing electron microscopes. 
 
The OAM sorter that we describe allows the measurement of the OAM state of an electron beam, for 
example after interaction with a sample [12][13][14]. Since the pioneering works that introduced the 
concept of electron vortex beams, it has become clear how to create electron probes that possess OAM 
[15][16][17][18]. However, the experimental measurement of this quantity has always been problematic. 
Methods that have been attempted include phase flattening [12] and diffraction through one or more 
apertures [13][14], which usually results in only a partial decomposition, which depends on the radius of 
the beam and is therefore not fully quantitative [19]. 
 
An OAM sorter has the advantages that: (i) it can be used to decouple radial and angular degrees of 
freedom; (ii) it provides a quantitative parallel spectrum of OAM; (iii) it is based on a unitary 
transformation that conserves beam intensity, thereby it is lossless and improves the measurement 
efficiency.  Applications are foreseen in areas that include electron magnetic circular dichroism (EMCD) 
[20], structural biology , plasmonics [21], and the magnetic analysis of nanoparticles [11] . Most of these 
applications cannot be addressed easily using holographic solutions, which strongly reduce the intensity 
and quality of the electron beam. 
 
In this work, we briefly describe the technical steps that are required to produce an electrostatic OAM 
sorter. We present preliminary results that demonstrate its successful operation, including the 
acquisition of OAM spectra in a transmission electron microscope. 
 
Experimental setup 
 
Sorter phase elements in an electron microscope are used to produce a conformal transformation of the 
electron beam from Cartesian to polar coordinates. The rotation, magnification and positioning between 
the elements must therefore be controlled perfectly. Fortunately, the simple addition of phase elements 
to replace pre-existing apertures and the smart use of deflectors can be used to produce the new 
configuration, while leaving the rest of the microscope almost unaltered. 
 
Figure 1 shows the configuration of an FEI (Thermo Scientific) Titan-HOLO transmission electron 
microscope in Forschungszentrum Jülich, in which the positions of the phase elements and their 
predicted effect on the electron beam are illustrated. The microscope is operated at 300 keV and 
equipped with an X-FEG emitter. The sample is located in the standard position in the objective lens. The 
first sorter element S1 is located in the objective (OBJ) aperture plane, while the second sorter element 
is located in the selected area diffraction (SAD) aperture plane. In this way, the second sorter element 
S2 is located in the diffraction plane of the first sorter element, which is also conjugate to the sample 
plane. In this configuration, an OAM spectrum is produced when the microscope is set to diffraction 
mode. The Titan-HOLO microscope has two such SAD planes (SAD1 and SAD2); in the present study, we 
used the upper one. 
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For testing purposes, in order to generate electron beams with well-defined OAM states, we introduced 
a SiN hologram into the condenser aperture plane which was used as test objects similar to those 
described in a previous work [11]. The sorter elements S1 and S2 were introduced into the electron 
column in special customized aperture holders, which allow exchangeable microelectromechanical 
systems (MEMS) chips with 8 electrical contacts to be connected to external power supplies, in addition 
to hosting normal diaphragms. 
 
 
 
 
 
 
 
 
 
 
Fig. 1 (a) Concept of an electrostatic sorter and (b) the positions of its compnent elements in an FEI Titan 
transmission electron microscope in Forschungszentrum Jülich. (c) and (d) show details of the special 
aperture holder with contacts.   
 
According to the theory reported in [10], sorter element S1 should be a single, possibly very long, needle 
that is located in front of an electrostatic mirror. To a first approximation, such a needle can be modeled 
(a) 
 
 (a) 
(b) 
(c)  (d)  
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either as a straight line in a constant charge approximation or as an ellipsoid on the assumption of a 
fixed potential. As the latter approximation is more realistic (see the Supplementary Information), we 
shaped each of the needles into ellipsoids using focused ion beam (FIB) milling. We also added two 
lateral needles to the sorter element S1, based on our recent calculations [22], in order to compensate 
for the finite length of the wire, which would result in astigmatism and would affect the recorded OAM 
spectrum. Since each lens in the microscope introduces rotation, we placed particular attention on the 
orientations of the elements with respect to each other, as well as to the entrance of the Gatan Imaging 
Filter (GIF) spectrometer. Under standard working conditions, we measured a rotation angle of ~-23° 
between the OBJ aperture and the first SAD aperture (SAD1) and of ~26° between the OBJ aperture and 
the second SAD aperture (SAD2). 
Scanning electron microscopy (SEM) images of an actual device are shown in Fig. 2. The MEMS chips 
were fabricated using optical lithography from a doped Si wafer and further shaped in three dimensions 
using FIB milling to produce the required electrode shapes. The corresponding schemes are also 
reported.  
 
 
Fig. 2 (a, b) Scanning electron micrographs of the electrodes in electrostatic elements (a) S1 and (b) S2. 
(c, d) Corresponding design drawings. The color coding is consistent with that used in Table 1. 
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Sorting in practice 
 
In order to test the microscope in sorting mode, we used an electron probe, which was focused on the 
sample plane with a semi-convergence angle of 2.6 mrad.  It has a diameter of ~20 µm in the OBJ 
aperture plane. The central needle of sorter element S1 was positioned mechanically at the center of 
the beam using the same motors as used for conventional apertures. In the image plane, the diffraction 
pattern of sorter 1 appeared as a rectangle, which was aligned approximately to the sorter 2 array. For a 
correct alignment the side of the rectangle must be exactly as large as 2 periods of the comb of 
electrodes of S2. Slight tuning of the corrector adapter lens (ADL) could then be used to fine-tune the 
rotation angle, while a variation in the voltage applied to sorter element S1 could be used to change the 
lateral extension of the rectangle. After an approximate mechanical alignment of the rectangular beam 
with sorter element S2, fine tuning was performed using the image shift coils. A switch of the lenses to 
diffraction mode then allowed the OAM spectrum to be viewed on the screen, or using the GIF camera 
to increase the magnification. In this mode, precise alignment of the beam shift was used to minimize 
the size of the diffraction pattern and to obtain a spectrum composed of a single line. The voltages that 
were applied to the electrodes for sorter elements 1 and 2 are given in Table 1. 
 
Table1. Voltages applied to the electrodes for sorter elements 1 and 2. 
 S1 central 
(yellow) 
S1 lateral 
(light blue) 
S2 lateral 
(red) 
S2 odd 
(blue) 
S2 even 
(green) 
Applied 
Voltage (V) 
-9.1 4.8 -8 -16 16 
Number of 
electrodes 
1 2 2 4 5 
 
Results 
 
As mentioned above, a special condenser aperture containing an in-line hologram that produces a 
combination of OAM states was used to calibrate the OAM spectrum and to estimate the OAM 
resolution. The first example is an electron vortex beam, which has an expected topological charge 
ℓ of 10. Although it was fabricated to take the form of a pure state vortex beam, imprecision in thickness 
control and the influence of the hologram on the electron amplitude introduced unintended harmonics 
into the OAM spectrum. In order to understand these additional features, we begin by establishing that, 
if the sorter element S1 is perfectly centered, the electron beam OAM state can be described in the 
form 
|𝜓⟩ = ∑ 𝑎10∙𝑛 |10 ∙ 𝑛⟩.
+∞
𝑛=−∞
 
Any component in the final OAM spectrum that is not a multiple of 10 should therefore be an indication 
of poor OAM resolution. However, obstruction by the sorter tip also has a small effect. Figure 3 shows 
experimental images of the transformation of the electron wavefunction from the OBJ aperture plane to 
the SAD plane, as well as the final OAM spectrum. Due to the finite size of the S1 tip, part of the beam is 
obstructed. When it is transformed to Cartesian coordinates, only 9 of the 10 expected petals are visible 
and the obstruction introduces a degree of blurring into the OAM spectrum. However, simulations show 
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that this blurring results in negligible broadening and the spurious intensities are below 5% in each 
neighboring channel. 
 
 
Fig. 3 Experimental images showing the evolution of the electron wavefunction for a nominal 
superposition of |ℓ = 10⟩  and |ℓ = 0⟩ , starting from (a) its generation to (b) its conformal 
transformation to polar co-ordinates and (c) its transformation into an OAM spectrum. 
 
We also evaluated the OAM spectrum for several other in-line holograms and found an OAM resolution 
of ~2 (in unit of ℏ ) as a full width at half maximum (FWHM) in the best case. A background and a set of 
spurious peaks are also present, as shown in Fig. 4. Appropriate software deconvolution is expected to 
produce sharp final peaks, as in the case of the holographic sorter. 
 
Fig. 4 Experimentally measured OAM spectrum for three test electron beams with the indicated nominal 
OAM compositions. The black curve corresponds to Fig. 3c. 
a) b) c) 
ℓ=0 
ℓ=10 
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Our work demonstrates that a very simple procedure can be used to produce the phase alignment that 
is necessary to achieve OAM decomposition. The OAM resolution that we achieve is better than that 
obtained using the holographic approach, which demonstrated an OAM (FWHM) resolution value of 
ℓ~2.5 before off-line deconvolution of the point spread function. At the same time, the result is worse 
than expected from a simulation that is based on the measured phases of the sorting elements. (See S2 
of the Supplementary Information). However, the phases were measured in the sample position using 
off-axis electron holography, where the voltage of the electrodes can be fine-tuned to obtain the 
desired phase. This is not possible as easily under real experimental conditions, when the phase 
elements are in the OBJ or SAD apertures. 
 
In the rest of this paper, we provide a brief overview of the electrostatic parameters that we controlled, 
and which need to be refined further to obtain better resolution. 
 
Influence of astigmatism correction electrodes 
 
According to previously developed theory [22], two lateral needles should be placed on the sides of the 
main sorter element S1 needle at a voltage 𝑉𝐿 = −0.5 𝑉𝐶. In order to test the working mode of the 
lateral needles, we systematically changed 𝑉𝐿. 𝑉𝐶 was also modified slightly, in order to retain the same 
S1 diffraction size.  
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Fig. 5 Experimentally measured OAM spectrum for a superposition of |ℓ = 10⟩ and |ℓ = 0⟩ for different 
values of the voltage on the lateral electrodes. The starting voltage on the central tip was 𝑉𝐶~ − 9.1 𝑉. 
 
The results are shown in Fig. 5, which illustrates the fact that the optimal OAM spectrum is obtained 
when  𝑉𝐿 is very close to −0.5 𝑉𝐶, in addition to the importance of the lateral needles for astigmatism 
correction. This result is expected based on fixed charge theory and is confirmed using finite element 
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simulations in the Supplementary Information. It is reassuring that the optimal voltage is predicted 
correctly using the analytical approach, as well as indicating that the electrodes have been shaped 
correctly. 
 
Phase of sorter 2 
When the sorter element S2 is located in the SAD1 plane, it is very difficult to measure its field. The 
current version of the sorter element S2 features 11 electrodes, which is close to the limit of our present 
fabrication technology and also of the number of contacts in our aperture holder. Accordingly, we also 
installed the sorter element S2 in the specimen plane, in order to measure its phase using off-axis 
electron holography. A representative phase measurement is shown in Fig. 6. It should be noted that 
there is a region of high spatial frequency oscillation in phase close to the electrodes that cannot be 
measured easily from this phase image. In contrast, far from the tips, the low spatial frequency behavior 
of the phase can be observed, and the general characteristics of the field can be inferred. One of the 
most prominent features is a lateral distortion of the phase on the right of the image, which results from 
the finite number of electrodes. Since the lateral size of the beam in the SAD plane will equal two times 
the spacing between the electrodes, we have some freedom where the position the beam with respect 
to the electrodes. We use this freedom to position the beam close to the central electrode, thus 
minimizing the influence of distortions due to the finite numbers of electrodes. The beam should also 
not be placed too close to any imperfection or asymmetry in electrode shape. Once the optimal distance 
from the electrodes has been identified, the voltage of each electrode can be selected accordingly. 
 
Fig 6 Phase distribution surrounding electrodes 3 to 9 in electrostatic sorter element S2 measured using 
off-axis electron holography. Distortions in the phase from that expected for an ideal periodic 
distribution result in part from the limited number of electrodes. 
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Conclusions 
 
We have demonstrated the first experimental realization of an electrostatic electron OAM sorter. The 
sorter elements are fabricated using MEMS technology and are mounted in the OBJ and SAD apertures 
of a transmission electron microscope and are connected to external power supplies. An OAM spectrum 
can be obtained following alignment of the electrostatic phase elements in angle, position and 
magnification. By using in-line holograms, the OAM resolution value has been measured to be ℓ ~2. It 
is improved by using astigmatism compensation in the S1 element and by tuning the boundary 
conditions in the S2 elements. Simulations suggest that it can be improved to the optimal value of ℓ =1 
by tuning each electrode’s voltage, as well as by improved accuracy in the positioning of both sorter 
elements. 
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Supplementary Information 
 
S1. MEMS design  
 
 
Fig. S1 Complete scheme of the MEMS for S1 and S2 from contacts to the active region. 
 
 
Figure s1 shows the design of the masks used for MEMS devices for the OAM sorter. The larger fields of 
view show the contact pads. The magnified images show the electrodes. Electrodes that are kept at the 
same potential are indicated with the same colors. In the text, the electrodes in sorter element S2 are 
referred to as “lateral” (red), “even” (blue), “odd” (green), while the electrodes in sorter element S1 are 
referred to as “central” (yellow) and “lateral” (bright blue). In sorter element S2, we are able to address 
11 electrodes + ground using 8 contacts, while preserving the simplicity of the planar geometry. 
 
S2. Test of best expected performance 
 
Figure S2 shows results of tests of early versions of the sorter phase elements, which had nominally 
worse specifications, using off-axis electron holography. 
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Fig. S2 Experimental phase distributions measured using off-axis electron holography for early 
prototypes of sorter elements S1 and S2. 
 
In order to simulate the experiment, we ensured that the diffraction of Sorter 1 was matched in size to 
the active area of Sorter 2. Using then an alignment algorithm of STEMCELL software we were able to 
find the most concentrate diffraction. This condition is what is also used in real experiments where the 
two elements are aligned by checking the actual OAM spectrum. 
Mathematically, the alignment operation can be written in the form 
 
Ψ(x, y) = IFT (FT(S1(x, y) ∙ P(x, y)) ∙ TΔu,Δv(S2(u, v)))  , 
 
where P is the probe to be sorted (in this case just a constant), FT and IFT represent forward and inverse 
Fourier Transforms, T is the translation operation necessary for alignment and the factors S1(x, y) =
exp (iφ1(x, y)) and S2(u, v) = exp (iφ2(u, v)) represent the effects of the sorter phase elements. 
 
Figure S3 shows (a) Sorter 1 diffraction calculated from experimental data in S2; (b) the Sorter 2 
experimental phase distribution; (c) the resulting phase distribution after alignment; (d) the final 
spectrum. Since there was no structure in the original beam, the spectrum peak should correspond to 
the OAM = 0 condition. Unfortunately, Fig. S3c shows that the phase is not completely stationary, 
indicating that a part of the sorter is not perfectly aligned, possibly due to imperfections. 
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Fig. S3 Simulated sorting experiment using the experimental phase distributions of sorter elements 1 and 
2. (a) The diffraction of sorter 1 is (b) superimposed on sorter 2 and after alignment the wave in (c) is 
diffracted to (d) a single line. 
 
Figure S4 illustrates the alignment procedure, going from an image of the beam in the sorter plane to 
the OAM spectrum, aiming at a smaller OAM spectrum. 
 
 
Fig. S4 Simulation of alignment procedure based on OAM spectrum inspection and on the experimental 
phase distributions of sorter elements 1 and 2. Varying the relative positions of sorter elements 1 and 2 is 
used to obtain a very localized peak in the ideal case. 
 
In order to assess the best obtainable resolution of the full sorter configuration, we used in our 
simulations a petal beam (ℓ = ±5) and simulated iterative alignment of the experimental phase. The 
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results are shown in Fig. S5. The alignment in orientation and magnification were performed visually (by 
looking at the OAM spectrum), as we found that the spectrum still allowed for very good separation of 
the peaks at ℓ = ±5. This approach also allowed the OAM value standard deviation to be determined to 
be ℓ=0.96. 
 
 
Fig. S5 Simulated spectrum based on experimental phases for a petal beam (ℓ = ±5). 
 
The spectral lines are not perfectly straight, and side-lobes are evident. We anticipate that, through the 
control of each electrode and direct observation of the phase, the resolution can be further improved.  
 
S3. Tip shape 
 
The analytical model described if ref. [22] assumed a fixed charge on the needle in sorter element 1, 
astigmatism correction and the use of a mirror in front of the main needle. This model is too simplified. 
It is not completely realistic for the following reasons: 
 
- We control the voltage and not the charge on the electrodes. The shapes of the electrodes can 
modify the charge distribution with respect to the ideal case. 
 
- The large electrode in front of the tip has the same thickness as the tip itself. It cannot therefore 
be assumed to be a perfect charge mirror, as in the analytical model. 
 
We used finite element simulations to assess these effects. COMSOL software can include a realistic 
description of the MEMS geometry. As this is a numerical method, we normally lose the predictive value 
of an analytical calculation. However, even before using numerical methods, we were already able to 
predict an interesting effect: 
 
If the tip thickness is uniform, then the charge tends to concentrate towards the tip. The simplest model 
is to assume the charge as a uniform distribution (as in the ideal device), plus a concentrated charge at 
the tip. The main effect of such a charge is to add to the sorting potential a phase distribution (integral 
along z of the potential) of the form 
 
𝜑 = 𝜑0 ln(|?̅? − 𝑟0̅|)  , 
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resulting in a logarithmic focusing of the beam before sorting. 
 
We described the tip as (a) parallelepipeds, (b) elliptical cylinders or (c) ellipsoids. The relevant projected 
potential for each configuration is shown in Figs. S6 (d, e, f). 
 
 
Fig S6 Geometry of the electrodes and total phase for sorter element 1 for different tip shapes: (a) 
parallelepipeds, (b) elliptical cylinders and (c) ellipsoids.(d,e,f) reports  the projected potential for each 
case. 
 
The results of the calculation were exported as values of the potentials (1024 x 1024 x 100 points). This 
grid of potential values was then fed into software that converted them into 2D maps of integrated 
potential along z. The phase acquired by the electron at each point: 
 
𝜙(𝑥, 𝑦) ∝ ∫ 𝑉(𝑥, 𝑦, 𝑧)𝑑𝑧
+∞
−∞
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was approximated in the finite element calculation by an integral extending by about 100 µm above and 
below the device. 
 
Unfortunately, the apparently smooth phase landscape resulting from these simulations is still not 
appropriate for checking the sorting properties. The finite element calculation intrinsically involves 
discontinuities, as the simulation scheme solves, for the electrostatic potential, the Laplacian equation 
separately in each sub-domain of the volume. It then connects the solutions in each domain 
continuously, resulting in a set of jumps in the derivatives between sub-domains. Since sorting is based 
on the local gradient of the sorter phase, these discontinuities in the derivatives affect the solution. We 
therefore took advantage of the fact that the phase must obey the relation ∇𝑥,𝑦
2𝜑 = 0 everywhere 
outside the tips and applied the following filtering procedure: 
 
- Calculate ∇𝑥,𝑦
2𝜑 
 
- Apply a mask: where ∇2𝜑 = 𝜌 , if  |𝜌| < 𝜀 put 𝜌 = 0 
 
- Calculate the inverse Laplacian (in Fourier space it is just a multiplication). 
 
This approach permits the generation of a smoother, and therefore more realistic, description of the 
sorting effect, with almost no discontinuities in the derivatives. 
 
Assuming that the landscapes shown in Fig. S6 are calculated correctly, we need to assess which one is 
more similar to the theoretical image. For the sake of comparison, in Fig. S7 we plot the theoretical case. 
These parameters were selected by visual inspection to be close to the set of parameters reachable by 
the electrostatic device. 
 
 
Fig. S7 Phase of an ideal sorter  
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We note both similarities and differences between the realistic phase landscapes calculated by finite 
element simulations in Fig. S6 and the ideal sorter element 1 phase in Fig. S7. 
Straight lateral parts are visible for all 3 configurations in Fig. S6, so it is difficult to understand which 
one is preferable. In order to understand these differences, we analyze the diffraction. Since the size of 
sorter element 2 is fixed by geometry, an increase in parameter A must be compensated by a different 
excitation of the lenses, in particular a smaller focal length of the overall lens system. This must be kept 
in mind during the experiment. 
 
 
Fig S8 Diffraction of a petal beam (ℓ = ±5) impinging on 3 different sorter 1 tips: (a) rectangular, (b) 
elliptic cylinder, (c) ellipsoid. Out of 10 petals, only 9 are visible in (b) and (c). The appearance of 11 
petals in (a) probably results from spurious oscillations. 
 
For the simulation, we need to multiply the phase by a scale factor. We used a relatively large factor to 
test the effects of the different tips. The figure shows the effect of different tip shape on sorter 1 
diffraction when a petal beam (ℓ = ±5) is superimposed on the sorter. The tips produce different forms 
of bending of the diffraction. The ellipsoid, which is the most “correct” shape, produces the straightest 
line. As anticipated, the interpretation is that the logarithmic focusing term due to charge accumulation 
on the tip produces a sort of artificial focusing. 
 
The tapering of the electrodes in the ellipsoidal electrodes seems to act as a better counterbalance of 
this charge accumulation. 
(a) (b) (c) 
